Genomes of varying sizes have been sequenced with next-generation sequencing platforms. However, most reference sequences include draft unordered scaffolds containing chimeras caused by mis-scaffolding. A BioNano genome (BNG) optical map was constructed to improve the previously sequenced flax genome (Linum usitatissimum L., 2n = 30, about 373 Mb), which consisted of 3852 scaffolds larger than 1 kb and totalling 300.6 Mb. The high-resolution BNG map of cv. CDC Bethune totalled 317 Mb and consisted of 251 BNG contigs with an N50 of 2.15 Mb. A total of 622 scaffolds (286.6 Mb, 94.9%) aligned to 211 BNG contigs (298.6 Mb, 94.2%). Of those, 99 scaffolds, diagnosed to contain assembly errors, were refined into 225 new scaffolds. Using the newly refined scaffold sequences and the validated bacterial artificial chromosomebased physical map of CDC Bethune, the 211 BNG contigs were scaffolded into 94 super-BNG contigs (N50 of 6.64 Mb) that were further assigned to the 15 flax chromosomes using the genetic map. The pseudomolecules total about 316 Mb, with individual chromosomes of 15.6 to 29.4 Mb, and cover 97% of the annotated genes. Evidence from the chromosome-scale pseudomolecules suggests that flax has undergone palaeopolyploidization and mesopolyploidization events, followed by rearrangements and deletions or fusion of chromosome arms from an ancient progenitor with a haploid chromosome number of eight.
INTRODUCTION
Next-generation sequencing (NGS) technologies have dramatically accelerated research in genomics, enabling the production of many reference genome sequences in a short period of time and at low cost (Shendure and Ji, 2008) . However, most of the currently published reference genome sequences, especially those based solely or largely on NGS technologies, such as 454 pyrosequencing, Illumina, SOLiD and Helicos, remain as unanchored genome fragments, i.e. contigs or scaffolds (Chain et al., 2009) . While these draft reference genome sequences may meet the requirements for identification of whole genomic features, such as gene content, regulatory elements, repeat structures and the development of molecular markers (Edwards and Batley, 2010; Paux et al., 2012; Bolger et al., 2014; Buermans and den Dunnen, 2014) , higher-quality reference genome sequences are required for more in-depth genomic analyses and applications. Genome re-sequencing to identify variants necessitates better reference genomes (Huang et al., 2009; Dolezel et al., 2014) . For positional gene cloning, an ordered genome serves as a framework for the development of DNA markers of the targeted region(s) to facilitate gene identification (Philippe et al., 2013) . A refined reference genome sequence enhances structural and evolutionary genome studies (Luo et al., 2013) . For many finished genome projects, the production of robust pseudomolecules representing individual chromosomes was the ultimate aim (Chain et al., 2009) . In general, NGS-based reference genomes are afflicted by sequence gaps (Schadt et al., 2010; Alkan et al., 2011) and extensive assembly errors (Pendleton et al., 2015; Stankova et al., 2016) . These shortfalls have even been reported when a bacterial artificial chromosome (BAC)-to-BAC strategy was used (Shearer et al., 2014) . Therefore, long-range validation of genome assemblies continues to be paramount.
The first phase for refinement is to assign, order and orient scaffolds and contigs to and within individual chromosomes for contiguity (Zhou et al., 2009 ). This work is usually guided by genomic maps that can simply be classified as either recombination-dependent or recombinationindependent. The former are exemplified by genetic linkage maps constructed based on molecular markers organized in linkage groups assigned to contigs or scaffolds (Prochnik et al., 2012; Jia et al., 2013; Slotte et al., 2013; Myburg et al., 2014) . The resolution of this type of map depends on the size of the mapping population and the number and distribution of the recombination events along the chromosomes. Even with high-throughput markers such as single-nucleotide polymorphisms, the resolution of genetic maps can be inadequate (Jia et al., 2013) , as exemplified by BAC-based physical maps combined with fluorescence in situ hybridization (FISH) analysis (Luo et al., 2003; Amborella Genome Project, 2013; Shearer et al., 2014) .
In the construction of physical maps, BAC clones are digested with restriction enzymes to produce patterns of DNA fragments, called fingerprints. BACs with significant overlap are assembled into BAC contigs that are subsequently anchored to chromosomes using genetic maps (Luo et al., 2013) or BAC-FISH analysis (Shearer et al., 2014) . A BAC-based physical map can provide the backbone onto which sequences can be anchored. BACs for the minimum tiling paths have been used as templates for BAC-by-BAC sequencing of rice (International Rice Genome Sequencing Project, 2005) , maize (Schnable et al., 2009) , barley (Mayer et al., 2012) and wheat (Choulet et al., 2014; Luo et al., 2017) . This approach is effective for generating high-quality reference genome sequences. However, BAC-based physical maps of complex genomes often generate short contigs and unreliable assemblies due to poorly fingerprinted clones; this is often a result of the highly repetitive nature of the sequences (Frenkel et al., 2010) . Moreover, this approach relies on the construction of BAC libraries and sometimes on BAC-FISH technology, both of which are laborious and difficult to automate.
Recently, optical mapping (OM), another recombination-independent approach, has been used to guide sequence assemblies (Lam et al., 2012; Dong et al., 2013; Hastie et al., 2013; Ganapathy et al., 2014; Shearer et al., 2014; Zhang et al., 2015) . The concept of OM was proposed more than 15 years ago (Aston et al., 1999) . Here, large DNA molecules are digested on open glass surfaces and visualized by fluorescence microscopy to generate ordered restriction maps. This single-molecule system provides signature barcodes, especially useful for the alignment and validation of scaffolds from shotgun sequencing (Aston et al., 1999) .The approach is routinely employed to finish microbial genome sequences (Latreille et al., 2007) , and has more recently become applicable to larger plant genomes. The BioNano genome (BNG) mapping technique is an OM platform (Hastie et al., 2013; Stankova et al., 2016) . The use of optical maps as backbones has substantially increased the scaffold N50 of assemblies that can now be sorted into pseudomolecules representing chromosomes (Shearer et al., 2014; Zhang et al., 2015; Luo et al., 2017) . In addition, the technology is easy to automate to achieve high efficiencies .
Flax (Linum usitatissimum L., 2n = 30) is a self-pollinated annual species of the Linaceae family that was domesticated about 7000 years ago for its seed oil and stem fibres. The haploid genome complement of flax cv. CDC Bethune is estimated to be about 368 Mb in size according to the BAC-based physical map (Ragupathy et al., 2011) or about 373 Mb based on flow cytometry (Wang et al., 2012b) . The genome of cv. CDC Bethune has been sequenced using a whole-genome shotgun (WGS) sequencing strategy on the Illumina sequencing platform (Wang et al., 2012b) . Short reads equivalent to 94 9 genome coverage were obtained from seven paired-end and mate-pair (MP) libraries ranging in size from 300 bp to 10 kb. These reads were de novo assembled into 116 602 contigs (302 Mb) and scaffolded into 88 384 supercontigs (greater than 100 bp) totalling 318 Mb and representing about 81% of the flax genome (Table S1 in the online Supporting Information) (Wang et al., 2012b) . However, these scaffolds remained unordered and some were misassembled or mis-scaffolded. The objective of this study was to use the flax genome as a model to substantiate the application of BNG-OM in validating and improving the quality of genome assemblies. Here, we generated a BNG optical map of the flax genome and applied its data for validation and ordering of the flax scaffold sequences for genome finishing. We also integrated BioNano optical maps with other developed genomic resources, including the BAC-based physical map and the genetic map, to generate the first version of chromosome-scale pseudomolecules of the flax genome.
RESULTS

High-quality flax BNG map
Labelled high-molecular-weight (HMW) genomic DNA of flax cv. CDC Bethune was resolved on a BioNano Irys system that sizes labelled single-molecule images. A total of 330 035 raw molecules over 180 kb were obtained from 16 independent runs, adding up to 82 Gb and representing more than 200 9 genome equivalents (Table 1, Figure S1a) . The longest molecule was 2.35 Mb and the N50 was 249 kb. Using IrysView software and through manual validation, the flax BNG optical map was assembled into 251 consensus contigs totalling 317 Mb and covering 85% of the estimated flax genome (about 373 Mb) (Wang et al., 2012b) (Table 1 , Figure S1b ). The longest contig and N50 have been greatly improved to 7.02 Mb and 2.15 Mb, respectively. This major improvement over the reported flax WGS assembly of 88 384 scaffolds with an N50 of 693.5 kb stresses the value of the BNG contigs as backbones to guide the arrangement of the WGS scaffolds.
Sequence scaffolding assisted by BNG-and BAC-based maps
To bridge unordered scaffold sequences of the WGS assembly, we aligned scaffolds to the BNG map. Using Knickers, the 88 384 flax scaffolds ( Figure S1c ) were in silico nicked with Nt.BspQI. The average nick site density was one site per 6800 bp, ranging from 20 to 78 132 bp between sites ( Figure S1d ). As few as 681 scaffolds of more than 1 kb had five or more nicking sites but represented 290.7 Mb of the WGS assembly ( Table 2) . As a result, 622 scaffolds totalling 286.6 Mb were anchored to 211 BNG contigs totalling 298.6 Mb (Tables 1 and 2 ). The remaining 59 larger scaffolds (4.1 Mb) were not anchored to any of the BNG contigs. Conversely, 40 BNG contigs totalling 18.4 Mb (5.8%) did not anchor to any scaffolds. The flax BNG map covered the majority of the scaffold sequences and thus could be confidently used as a backbone to refine the flax WGS reference sequence.
The scaffold sequences were validated based on their alignment to the BNG contigs. For example, BNG contig BNG28 was 2.95 Mb. Scaffold262 (423.3 kb) matched uniquely and almost completely to BNG28 from 0.21 to 0.65 Mb, showing that the scaffold was correct and thus validated ( Figure 1a ). This BNG contig also validated scaffold508, -428, -55 and -546. Scaffold422, however, matched two separate BNG contigs. Its first 80 kb aligned to the middle of BNG28 (from 2.18 to 2.26 Mb) but the remaining 140 kb or so aligned to the middle of BNG189 (from 113.6 to 248.7 kb), indicating that this scaffold was probably misassembled ( Figure 1a) . Thus, scaffold422 was split into two sub-scaffolds. This scaffold mis-assembly assumption was corroborated by the BAC-based physical map data, where scaffold422 anchored to BAC contigs ctg545 and ctg121, respectively, in a fashion similar to the BNG contigs (Figure 1b) . Taken independently, BAC contigs ctg545 and ctg121 were a perfect match to BNG28 and BNG189, respectively. Therefore, scaffold422 probably resulted from a scaffolding error. In total, 99 of the 622 scaffolds (totalling 138.2 Mb, 48.2%) aligned to the BNG map were deemed chimeric and were split into 225 refined scaffolds (Tables 2 and S2 ). To assess whether these chimeric scaffolds were caused by superscaffolding, we compared the in silico map of the contig-level assembly (48 397 contigs of about 282 Mb) of the flax genome with the BNG map. No chimeric contigs were observed, indicating that chimeras arose during the scaffolding step rather than the contig assembly step of the WGS sequence production.
Using BNG28 as a reference, scaffold262, -508, -55 and the refined scaffold422 were oriented, and the six scaffolds (including refined scaffold422) of 2.38 Mb in length were assembled into a superscaffold ( Figure 1a ) that covered 80.1% of BNG28. We compared the sequences of these scaffolds and found no overlaps among them. The gap sizes between ordered scaffolds of BNG28 were estimated at 0.57 Mb. The BAC contigs also verified the scaffold order, whereby, except for a small part of scaffold546, the BAC contigs ctg324, ctg205 and ctg545 together ordered, though did not orient, the scaffolds in a manner consistent with their anchoring to BNG28 (Figure 1a) .
Conversely, if validated, scaffold sequences with significant alignment to each end of two BNG contigs were exploited to join BNG contigs. For example, scaffold280 was validated by the BAC-based physical map. One end of (Figure 1b) . Therefore, these two BNG contigs were merged to provide an a priori validation of the integrity of scaffold280. The gap between the two BNG contigs was filled with the corresponding scaffold280 sequence. As a result, 211 BNG contigs were reduced to 148 super-BNG contigs with an enlarged N50 of 3.36 Mb and a longest contig of 11.47 Mb ( Table 1 ). The elongated BNG contig set represented a higher-quality optical map that could be exploited to improve the overall genome assembly. Using scaffold sequences as a bridge, the BAC-based physical map also assisted the arrangement of BNG contigs into supercontigs. As illustrated in Figure 1(c) , integration of BNG contigs with nicked scaffolds produced four super-BNG contigs: BNG40 + 57, BNG26 + 92, BNG76 + 86 and BNG247 + 234. When the last scaffold on one BNG contig and the first scaffold on another were spanned in whole or in part by the same BAC contig with confidence, the two BNG contigs were considered adjacent. The four super-BNG contigs along with contig BNG200 were ordered according to the scaffolds at the proximal or distal ends of neighbouring BNG contigs on BAC contigs ctg187, ctg161, ctg887 and ctg51, though the gaps among the BNG supercontigs could not be filled. In this case, the scaffolds or BNG contigs were greatly extended. Using the BAC contigs of the physical map, 94 BNG supercontigs were obtained from 148 BNG contigs (Table 1) , with an average of only six BNG contigs per chromosome. Thus, a genetic map with low to medium marker density sufficed to sort the BNG supercontigs into final chromosome-scale pseudomolecules.
The first version of draft chromosome-scale pseudomolecules in flax
The 94 super-BNG contigs were well aligned onto the 15 linkage groups or chromosomes of flax ( Figure S2 ) using the consensus genetic map (Cloutier et al., 2012) . The draft pseudomolecules contained about 316 Mb of sequences with chromosomes varying in size from 15.6 Mb for chromosome (Chr) 15 to 29.4 Mb for Chr 1 (Table 3) . Of the 316.2 Mb of pseudomolecules, gaps of 47.6 Mb were from the original scaffold sequences and from the merges between scaffolds. A total of 772 refined scaffolds totalling 284.5 Mb covered 97.5% (42 277) of all protein-coding genes (43 384) predicted in the WGS assembly (Wang et al., 2012b) . Protein-coding genes showed a higher density on distal regions of most chromosomes ( Figure 2 , Track F). A profile of the refined scaffolds, BNG contigs and BAC-based contigs on chromosomes is depicted in Figure 3 . The scaffolds and their coordinates on chromosomes are listed in Table S3 . From the 15 chromosome sequences, 2677 type-known full-length long terminal repeats (LTRs), including 2023 Copia and 654 Gypsy transposable elements, as well as 2245 type-unknown full-length LTRs were identified, accounting for 10.17% of all pseudomolecules. We also identified a total of 58 689 LTR fragments and 2403 solo LTRs, accounting for 15.48% of all pseudomolecules (Table S4 ). In total, the full length, solo and fragmented LTRs accounted for 25.73% of all pseudomolecules. These LTRs were predominantly located in the central regions of each chromosome (Figure 2 , Track D), which probably corresponds to the low gene density of centromeric and pericentromeric regions dividing the chromosome arms.
Disease resistance genes are a complex and important gene class in plants. A total of 1327 resistance gene analogues (RGAs) were identified on the 15 chromosomes using the RGAugury pipeline (Li et al., 2016) , including 229 genes encoding nucleotide-binding sites (NBSs), 779 receptor-like protein kinase (RLK) genes, 106 receptor-like protein (RLP) genes and 213 transmembrane coiled-coil protein (TM-CC) genes (Tables S5 and S6 ). The RLK family was the most abundant gene family, accounting for 59% of all identified RGAs. The number of RGAs varied between 57 and 121, with an average of 88 per chromosome. RGAs appeared to be in clusters on chromosomes ( Figure 2 , Track E). Out of 1327 RGAs, 348 genes were grouped into 87 clusters. Most clusters contained RLK and RLP genes but the largest cluster on Chr 8 featured one TM-CC and 18 NBS encoding genes (Table S7) . Two whole-genome duplication (WGD) events occurred in flax A total of 911 collinear or syntenic blocks and 23 067 pairs of duplicated genes were identified across the genome. These duplicated gene pairs included some independent fragmental duplications that overlapped each other (such as on Chr 2; Figure 2 ). We calculated synonymous substitution rates (K s ) for all pairs of duplicated genes. The frequency distribution of K s showed a sharp peak at K s = 0.11 and a shallow peak at K s = 0.72 (Figure 4a) , indicative of two genome duplication events: one more recent at 3.7-6.8 million years ago (MYA) and one more ancient at 23.8-44.1 MYA, assuming a substitution rate of between 1.5 9 10 -8 (Koch et al., 2000) and 8.1 9 10 -9 (Lynch and Conery, 2000) substitutions per synonymous site per year. Compared with several other dicotyledonous species using the same method and criteria, we observed that the flax genome had more collinear duplicated genes and underwent a WGD event more recently (3.7 MYA) than poplar (8.3 MYA), cassava (11.7 MYA), Arabidopsis (26.7 MYA) and grape (31.3 MYA), assuming a substitution rate of 1.5 9 10 À8 ( Figure 3 , Table 4 ).
Synteny block analysis in flax showed that Chr 2 and Chr 13 were almost completely duplicated copies of a (Table S8 ). For most of the other chromosomes, each arm was separately syntenic with one arm or a large region of different chromosomes (Tables 5 and S8 ). Each of Chr 1, 5, 6, 7, 8, 9, 10, 11, 12 and 14 was primarily duplicated with two chromosomes, although a few gene duplications within some smaller synteny blocks also occurred with other chromosomes (Table S8 ). For example, one arm of Chr 12 was duplicated with one arm of Chr 6 while the arm of Chr 12 was syntenic with one arm of Chr 7 (Figure 2 , Table 5 ). Only Chr 3 and Chr 15 had undergone substantial rearrangements visible as micro-syntenies.
DISCUSSION
The BNG optical map for improvement of a de novo genome assembly
Optical mapping to guide genome sequence assemblies has proven to be an effective method to improve assembly quality. Recently, several high-quality assemblies of reference genomes were generated through the integration of BioNano-derived optical maps (Young et al., 2011; Dong et al., 2013; Ganapathy et al., 2014; Shearer et al., 2014; Zhang et al., 2015; Luo et al., 2017) . The strategy for optical map-assisted de novo sequence assembly relies on the premise that the reference genome map is complete and accurate in its representation of the actual enzyme-nicked molecule patterns of chromosomes. The BNG map is also assembled from a large number of small fragmented molecules that inevitably spawn assembly errors. However, chimeras can be detected and fixed by comparing alignments of molecules during assembly. Optical mapping was always consistent with BAC-FISH-based arrangements of scaffolds in tomato, providing a high degree of confidence in the genome map as a reference (Shearer et al., 2014) . In addition, BNG maps were used to detect BAC clones to assign to contigs in wheat (Stankova et al., 2016) , hinting that BNG maps were comparable or superior in accuracy to solid BAC-based physical maps. In the present research, we further demonstrated that optical maps are extremely useful for constructing final pseudomolecules when integrated with BAC-based physical maps and genetic maps, among others. BAC and BNG contigs have the ability to cross-validate one another. BAC contigs complementary to BNG contigs can be used to superscaffold BNG contigs using overlapping information about BAC contigs on BNG contigs. In this study, 148 BNG contigs were eventually merged into 94 BNG supercontigs based on a validated BAC-based physical map (Ragupathy et al., 2011) . As a consequence of such low fragmentation, even a genetic map with low to medium marker density (Cloutier et al., 2012) is sufficient to assign these supercontigs to their proper location on the 15 chromosomes. Therefore, this global genome assembly method yielded a significantly improved flax reference genome in the form of a smaller subset of molecules ordered and oriented into chromosome-scale pseudomolecules.
NGS-derived reference genomes need validation
In recent years revolutionary advances in DNA sequencing technologies have dramatically accelerated plant genome research, and the number of genome references has exploded (Shendure and Ji, 2008) . However, most of them, especially those obtained solely from assembling short reads obtained by shotgun sequencing, remain in a 'draft' stage characterized by unordered contigs or scaffolds of variable and often poor quality and are in need of validation (Shearer et al., 2014; Chen et al., 2017) . Optical mapping has an important application in detecting assembly errors in genomic sequences. If they are long enough, scaffolds, the form of many recently released genome sequences, can generate in silico restriction maps similar to optical maps. Scaffold in silico maps with conflicting alignments to OM contigs (as shown in Figure 1b) were identified as chimeric and caused by prior scaffolding errors (Ganapathy et al., 2014; Shearer et al., 2014) . In the present research, the flax BNG map was used to identify discrepancies in the flax sequence assembly (Wang et al., 2012b) . Assembly errors were revealed in a large proportion of scaffold sequences. While MP libraries of large insert sizes (>10 kb) enable the scaffolding of contigs (van Heesch et al., 2013) , distinguishing genuine relationships between contigs implied by good MPs from spurious connections remains problematic (Henson et al., 2012; Van Nieuwerburgh et al., 2012; Head et al., 2014) . As demonstrated in the present study, incorrectly assembled WGS scaffold sequences most likely result from the misguided assembly of long-range MP sequencing. Because scaffold sequences are derived from the MP scaffolding, assembly or scaffolding errors should be expected in most, if not all, genome references developed by WGS assemblies. Although the XMAP tool for comparing optical and scaffold in silico maps does work (Shelton et al., 2015) , misassembled scaffolds and BNG contigs in XMAP must be manually checked, a prerequisite that constrains application of this tool when the number of scaffolds is large. Two scaffolding pipelines using a BioNano map are currently available: the HybridScaffold pipeline (BioNano Genomics) and the Stitch pipeline (Shelton et al., 2015) . Our experience suggests that these two tools produce optimal results when combined. Thus, a better pipeline to automate this process would be expedient.
Improved flax genome reference sequence
A reference-quality genome sequence is essential for variant identification (Guo et al., 2017 ) and analyses of linkage or structural variation (Jiao et al., 2017) ; it also facilitates comparative genomic analysis with closely related species (Murat et al., 2015; Luo et al., 2017) . Assisted by BioNano genome OM, a BAC-based map and a genetic map, the quality of the previously sequenced flax genome (Wang et al., 2012b) was greatly improved, from fragmented scaffolds to a contiguity of the 15 chromosome-based pseudomolecules. Out of 88 384 scaffolds (318.2 Mb) released, 622 long scaffolds (286.6 Mb, 90.1%) have been rearranged, of which 523 were validated and assembly errors of 99 corrected. Although the pseudomolecules consist of a small number of large scaffolds, they represent the majority of the genome data and cover 97.5% of all annotated genes.
The flax pseudomolecules provide information on the distribution of DNA elements along genomic regions, such as transposable elements, tandem repeats and functional genes. Consistently, as revealed in other plant species (Luo et al., 2017; Mascher et al., 2017) , the density of functional genes in flax also increases from the centromere towards the telomere (Figure 2, Track D) , while the distribution of major transposable element LTRs increases in the opposite direction (Figure 2 , Track F). The LTRs are primarily distributed in the gene-poor centromeric regions while functional genes are mainly in the distal regions. The pseudomolecules allowed for genome-wide synteny analysis, which showed that most genes are duplicated on chromosome pairs (Figure 2 , Track G) and revealed evolutionary relationships among the chromosomes. The pseudomolecules also enabled us to focus on the features of special gene families with practical importance, such as RGAs. A previous study (Kale et al., 2013) partial NBS encoding genes (147) based on the draft scaffold sequences (Wang et al., 2012b) . Here we identified genome-wide RGAs on 15 chromosomes and found these genes in clusters, especially the RLP and RLK genes (Figure 2 , Track E), as is typical in plants (Sekhwal et al., 2015) . The distribution of RGAs along the chromosomes may aid the quantitative trait locus mapping of disease resistance (Asgarinia et al., 2013) and candidate gene discovery.
detected only
Flax genome evolution
Polyploidy, a heritable condition of possessing more than two homologous sets of chromosomes, is an evolutionary force that leads to plant diversification and shapes their karyotypes (Otto and Whitton, 2000) . The genus Linum belongs to the Linaceae family, which comprises approximately 200 diploid species, 75 of which were surveyed for their chromosome numbers; these were found to vary greatly from n = 7, 8, 9, 10, 12, 13, 14, 15, 16, 18, 19, 21, 30, 32, 36, 42 to 43 (Goldblatt, 2007; Rice et al., 2014) , where n = 9 and n = 15 predominate. Cultivated (L. usitatissimum) and wild (Linum bienne) flax possess the same haploid chromosome number of 15. Phylogenetic analyses have demonstrated that the three evolutionally close species, L. usitatissimum, L. bienne and Linum grandiflorum (n = 8), belong to the same clade in the phylogenetic tree and share a common ancestor with n = 8 (Figure 4 ) (McDill et al., 2009; Sveinsson et al., 2014; Fu et al., 2016) . The variable chromosome number in the genus Linum implies chromosomal duplication events in the speciation of this taxon, for example polyploidization by WGD, chromosome rearrangements and possible instances of aneuploid reductions or increases (Ray, 1944; Rogers, 1982) . A recent study revealed that all angiosperms have undergone at least two rounds of ancient WGD (Jiao et al., 2011) . Evidence in the lineage of cultivated flax and its close relatives also shows it may have undergone two polyploidization events. Cultivated flax C-banding karyotypes exhibit similarities to the wild relatives Linus austriacum L. (n = 9) and L. grandiflorum Desf. (n = 8), indicating they may have originated from an ancient polyploidization involving both or either species followed by subsequent chromosome losses or rearrangements (Muravenko et al., 2001 (Muravenko et al., , 2003 . Transcriptome analysis of 11 Linum species (Sveinsson et al., 2014) found a signature of polyploidization events from the distribution of ages of divergence of gene paralogues that showed a shallow peak at K s = 0.68 from five species (Linum hirsutum, Linum perenne, Linum leonii, Linum lewisii and L. grandiflorum) belonging to the same clade in the Linum phylogeny (Figure 4) . The results of such an analysis strongly suggest a unique polyploidization event 20-40 MYA that was specific to the lineage of cultivated flax (Figure 4) (Sveinsson et al., 2014) . Using the flax pseudomolecules, we identified a similar shallow peak at K s = 0.72 (Figure 3a) , corresponding to 23-44 MYA, confirming this ancient palaeopolyploidization event. Interestingly, no obvious evidence for this ancient genome duplication event was found by others for L. usitatissimum (Wang et al., 2012b; Sveinsson et al., 2014) . In these two independent studies, homologous genes were used to identify duplicated genes and to calculate K s , while here collinear block-based genes or syntenies were identified based on chromosome-scale pseudomolecules. This may imply that duplicate genes based on collinear blocks of chromosome-scale genome sequence are effective for revealing genome duplication events.
We also identified a more recent and significant WGD event at K s = 0.11 (3-7 MYA) (Figure 3a) , which is close to the K s estimate of 0.15 (5-9 MYA) obtained using duplicated gene pairs from flax WGS assembly and expressed sequence tags (Wang et al., 2012b) . This further confirms that the recent WGD resulted in doubling of the chromosome number of eight. The resulting chromosome number (n = 15) in L. usitatissimum and L. bienne might be attributed to the loss of one chromosome or the fusion of two chromosomes after diploidization. Our assembly could still identify a near complete synteny between Chr 2 and Chr 13 (Figure 3) , while the other 13 chromosomes displayed macro-rearrangements at the chromosome arm scale or substantial rearrangements causing only micro-syntenies between fragments of chromosomes ( Figure 3 , Table 5 ). Synteny block analysis demonstrated that, for most chromosomes, this rearrangement may have taken place only between chromosome arms although some chromosomes such as Chr 3 and Chr 5 may have undergone additional fragmental duplications. Our results, and previous evidence, strongly suggest that flax has undergone one palaeopolyploidization event and one mesopolyploidization event, followed by rearrangements, and deletions or fusion of chromosome arms from an ancient progenitor with a haploid chromosome number of eight ( Figure S3 ).
EXPERIMENTAL PROCEDURES Flax genome sequence
The genome sequence of flax cv. CDC Bethune totalling 318 Mb in 88 384 unordered scaffolds, and representing about 81% of the flax genome, was previously generated using a WGS approach and Illumina sequencing (Wang et al., 2012b) . The scaffold sequences of the draft flax WGS assembly (v.1.0) were downloaded from the Phytozome database (http://phytozome.jgi.d oe.gov/pz/portal.html/). The assembly is summarized in Table S1 .
In theory, scaffold sequences should be free of adapter and other contamination but sometimes contamination fragments failed to be completely removed before assembly. To detect the presence of unwanted sequences in scaffolds, the UniVec database (https://www.ncbi.nlm.nih.gov/tools/vecscreen/univec/) was used for BLAST searches with options '-task blastn -reward 1 -penalty -5 -gapopen 3 -gapextend 3 -dust yes -soft_masking true -evalue 700 -searchsp 1750000000000' as described in VecScreen 
BioNano genome map of the flax genome
A de novo optical map for flax cv. CDC Bethune using the BioNano IRYS platform was constructed. High-molecular-weight DNA was isolated from young leaves by Amplicon Express (http://ampli conexpress.com/). The nicking endonuclease Nt.BspQI (New England BioLabs, https://www.neb.com/) was chosen to label highquality HMW DNA molecules. The nicked DNA molecules were then stained as previously described (Lam et al., 2012) . The stained and labelled DNA samples were loaded onto the NanoChannel array of IrysChip (BioNano Genomics, https://biona nogenomics.com/) and automatically imaged by the Irys system (BioNano Genomics). With 16 separate runs (168 unique scans), a total of 82 Gb (about 200 9 genome equivalent) of raw DNA molecules longer than 180 kb were collected and the TIFF images captured were converted into BNX files by the AutoDetect software to obtain basic molecular length and labelling site information, representing molecule maps. The raw DNA molecules in BNX format were aligned, clustered and assembled into a consensus map (CMAP) consisting of a set of consensus contigs using the BioNano Assembler pipeline (BioNano Genomics) and designated as BNG maps (Lam et al., 2012; Cao et al., 2014) . The Pvalue thresholds used for pairwise assembly, extension/refinement and final refinement stages were 5 9 10 À8 , 5 9 10 À9 and 5 9 10 À9 , respectively. The initial BNG maps were then checked for potential chimeric BNG contigs prior to further refinement steps.
Superscaffolding of flax scaffold sequences
The strategy for anchoring flax scaffolds to chromosomes and for the generation of pseudomolecules is depicted in Figure 5 .
Alignment between sequence in silico map and BNG map. The global pattern of nicking sites in scaffolds is referred to as the in silico map. A total of 3852 (4.36%) out of 88 384 scaffolds of the draft flax genome sequence assembly that were larger than 1 kb (Table S1) were virtually digested according to the restriction site of Nt.BspQI using Knickers (BioNano Genomics) to generate an in silico map. To improve reliability, only those scaffold sequences with at least five nick sites were retained for mapping to the BNG map. The BNG contigs (query) were aligned against the scaffold in silico maps (reference) using RefAligner (BioNano Genomics) with the major options: -f -endoutlier 1e-3 -outlier 1e-4 -extend 1 -FN 0.05 -FP 0.5 -sf 0.2 -sd 0.1 -sr 0.02 -res 2.9 -resSD 0.75 -mres 1.2 -A 5 -biaswt 0 -M 3 -Mfast 0 -deltaX 9 -deltaY 9 -xmapchim 14 -RepeatMask 2 0.01 -RepeatRec 0.7 0.6 -T 1e-6 -xmaplen -indel. The alignment results were stored in a text file (XMAP format) containing BLAST-like alignments (hits) with coordinates and confidence scores (CS). Visualization of the alignments was performed and snapshots were taken in IrysView (BioNano Genomics). Knicker, RefAligner and IrysView were developed by BioNano Genomics and are freely available. The alignments were further annotated as described in the following subsections.
Editing of alignments. The alignment results (XMAP files)
were edited to remove redundant and less confident alignments. First, all alignments in the XMAP files were sorted by BNG contig (query) ID. For each BNG contig, all alignments were sorted by CS and all duplicated hits were removed so that only the hit with the longest alignment and the highest CS was retained for a given BNG contig region. Duplicated hits were defined as being completely comprised within or having ≥90% overlap with the longest hit. Hits that overlapped by less than 20% were also retained for further assessments but all shorter and lower CS duplicated hits were removed. The remaining alignments were sorted by scaffold (reference) ID. For each scaffold, the same procedure was performed to remove duplicated hits but low-overlap hits (less than 20%) were retained. These two steps ensured that a given scaffold region was aligned to a single BNG contig, and vice versa, i.e. one BNG region was aligned to a single scaffold region, thus maintaining a one-to-one relationship between scaffolds and BNG contigs. The overlapping regions between two hits were most likely caused by tandem duplications and only one copy of the overlap region with a highest CS was retained in the final superscaffolding. The edited XMAP file was used for further analysis. Validation of scaffolds. Three basic scenarios were observed from the edited alignments of scaffolds to BNG contigs (Figure 1 ). The first was where a scaffold in silico map matched perfectly within or partly overlapped with a unique BNG contig. In this case, the scaffold or its overlapping portion were considered validated and their orientation was determined (Figure 1a ). Scaffolds matching a single BNG contig could be ordered along the BNG contig. However, a scaffold could match two or more individual BNG contigs. Scaffolds where both ends overlapped with two BNG contigs were also considered validated and they merged two BNG contigs into a super-BNG contig (Figure 1b) . The above two scenarios were declared as consistent alignment results. When different regions of a scaffold matched two or more BNG contigs and where at least one was located in its middle, we designated them as conflicting alignments. Such scaffolds may be chimeric as a consequence of mis-assembly and were split into as many subscaffolds as necessary (Figure 1a,b) , assuming the accuracy of the BNG map. However, the conflict alignments may also be caused by a mis-assembled BNG contig. Therefore, for each conflict alignment identified, manual assessment was performed by examining the alignment of raw single molecules during assembly which resulted in the suspect BNG contig. When a BNG contig was highly supported by the alignment of raw single molecules, the scaffold was considered chimeric. Otherwise, the BNG contig was inferred to be mis-assembled and was split. As such, based on the alignment of the scaffold in silico map to the BNG map, scaffolds were validated, oriented and ordered, and mis-assemblies were detected and corrected.
Correction of chimeric scaffolds. Inferred chimeric scaffolds were further verified and split into sub-scaffolds. The breakpoint could be inferred at the position of the first or last nick sites of the alignment region congruent to a given BNG contig, depending on which side of the alignment was match-conflicted. As the distance between two adjacent nick sites averaged about 7 kb in flax, some scaffold sequences were deleted during the splitting process because assignment of these inter-nick sequences could not be ascertained using the BNG contigs. To improve upon this limitation, we made use of another set of data to verify possible misassembly and better predict the mis-assembly breakpoints of the WGS assembly. The WGS Illumina paired-end reads of 91 flax accessions from a flax core collection were mapped to the flax scaffolds using BWA (Li and Durbin, 2009 ) to generate a sorted BAM alignment file. This BAM file was further processed using SAMTool to generate a consensus alignment file where the start and end points of reads were compiled at each position of the scaffolds. Mis-assembly breakpoints were inferred to be where a disproportionately large number of reads ended or started ( Figure S4 ). All potential scaffold breakpoints were computed and stored in a database. In chimeric scaffolds, some breakpoints in the mis-assembled region(s) should be identified. For chimeric scaffolds, possible breakpoints were retrieved from the database. The breakpoint closest to the nick position determined by XMAP, but not within a gene, was chosen to split the scaffold.
Superscaffolding using BioNano and sequence scaffolds. After a manual check of conflict alignments and correction of chimeric joints for both scaffold sequences and BNG contigs, the BNG contigs were used to guide the order and orientation of conflict-free and chimeric-resolved scaffold sequences. Two BNG contigs could be merged into a longer super-BNG contig if a conflict-free scaffold sequence overlapped with the ends of two BNG contigs. The conflict-free sequences mapped to BNG contigs were ordered and oriented to make high-quality superscaffold contigs. The gaps and their lengths were estimated based on the BNG alignments. The above analyses were pipelined in Java-based tool chain programs. We also used the hybrid-scaffolding pipeline (BioNano Genomics, https://bionanogenomics.com/support/software-down loads/) and the Stitch pipeline (Shelton et al., 2015) to compare and verify scaffolding results.
Scaffold validation and superscaffolding using the flax BAC-based physical map. The flax BAC-based physical map of cv. CDC Bethune consists of 416 contigs, giving an estimated genome size of about 368 Mb (Ragupathy et al., 2011) . A total of 43 776 (99.7%) of the BACs of the physical map were successfully end-sequenced to generate 87 552 BAC-end sequences (BESs), covering all physical map contigs and the majority of the BACs (Ragupathy et al., 2011) . All 87 552 BESs were searched using BLASTN (E-value cut-off = 1 9 10 À30 ) against 88 420 scaffold sequences. Scaffolds associated with single BAC contigs were considered validated ( Figure S5a ). If a scaffold spanned the ends of two BAC contigs they were merged to create a super-BAC contig (Figures 1b and S5b) . Scaffolds associated with the middle of two or more BAC contigs were deemed mis-joined ( Figure S5c ). In this case, the scaffolds were split into sub-scaffolds.
BESs were also used to verify the superscaffolding results obtained with the BNG map and to further extend the BNG contigs. Four steps were implemented to map the BAC contigs to the BNG optical map: (i) mapping BESs using BLASTN with E-value of 1 9 10 -30 onto scaffold sequences; (ii) anchoring the scaffolds onto the flax BAC physical map using BAC position information on BAC contigs; (iii) aligning flax scaffolds onto the BNG optical map as described above; and, finally, (iv) anchoring BAC contigs to the BNG map. Custom Java programs were developed to automate these steps.
Cross-validation of BAC contigs was performed based on the mapping results of BAC contigs and scaffold sequences onto the BNG map. Out of the 87 552 BESs, 27 912 were assigned to 372 BAC contigs with BLASTN hits on 776 scaffolds. The mapping of BESs to scaffold sequences revealed six mis-assembled BAC contigs (ctg109, ctg108, ctg85, ctg119, ctg104, ctg4) that were split into sub-contigs (Table S9 ). The mis-joined scaffolds and BAC contigs were divided into sub-scaffolds or sub-contigs according to their respective predicted breakpoints, as described above. The refined scaffolds and BAC contigs were mapped onto BNG contigs. If a validated BAC contig spanned the ends of two BNG contigs, the two contigs were merged to make a super-BNG contig (Figure 1c) . The resulting supersequence scaffolds connected by BNG-and BAC-based contigs were ordered and further used to generate pseudomolecules.
Generation of pseudomolecules
The flax consensus genetic map developed from three bi-parental mapping populations contains 770 simple sequence repeat (SSR) markers on 15 linkage groups corresponding to the haploid number of chromosomes of this species and covering 74% of the estimated flax genome size of 370 Mb (Cloutier et al., 2012) . All SSR flanking marker sequences were mapped to superscaffolds generated from BNG-and BAC-based contigs using the electronic PCR (E-PCR) tool (Schuler, 1997) . Only SSR markers with unique hits were retained. Using orientation and marker order information, all superscaffolds with at least three SSR markers were assigned to the 15 linkage groups. An arbitrary 1000 Ns were inserted between adjacent superscaffolds. 
Genome annotation
Predicted genes of the new pseudomolecules remained unchanged. A revised gene annotation gff3 file was generated based on the new coordinates of the refined scaffolds of the pseudomolecules. LTRs are a major type of mobile element in flax (Wang et al., 2012b) . To characterize the chromosome-scale repeat sequence feature, genome-wide LTRs were identified using the LTR Annotator pipeline . Two de novo LTR identification programs, LTR_FINDER (Xu and Wang, 2007) and LTRharvest (Ellinghaus et al., 2008) , were used to detect potential fulllength LTRs. After intensive annotations, potentially false-positive LTRs were removed. The remaining LTRs were classified into superfamilies: Copia, Gypsy and unknown.
To characterize genome-wide resistance genes, RGAs were identified using the prediction pipeline RGAugury (Li et al., 2016) . Protein sequences of the whole genome were used as the input and the major parameters adopted by this pipeline were 1 9 10 À5 for the protein BLAST alignment and 'deep' mode, which relies on four protein databases: pfam, smart, gene3d and superfamily. Four types of RGAs were predicted (NBS encoding genes, RLK, RLP and TM-CC) through screening for the presence of major domains, such as NB-ARC, toll-interleukin receptor, leucine-rich repeats, coiled-coil domain, transmembrane domain, serine/threonine kinase domain and LysM motif. The RGA gene clusters were defined based on the size of the distance between adjacent genes. A cluster of genes was defined if it contained at least three of any type of RGA gene and had a maximal distance of 50 kb between any two adjacent genes.
Whole-genome duplication analysis
To investigate WGD of the flax genome, protein sequences of all genes predicted in the flax genome were 'self-blasted' at an Evalue of 1 9 10
À5
. Synteny blocks between and within chromosomes were then detected according to the BLAST results using MCScan (Wang et al., 2012a) with default parameters. The pairwise syntenic genes in syntenic blocks were considered to be duplicated genes. Global alignments between duplicated genes were conducted using ClustalW (Thompson et al., 1994) . Synonymous substitution rates (K s ) were calculated for each pair of duplicated genes using the pipeline included in the MCScan package (Wang et al., 2012a ). The K s of the whole genome was estimated to be the K s value at the peak of the frequency distribution of K s for all pairs of duplicated genes. The K s was converted into duplication time (t) expressed in MYA using t = K s /2r/10 6 , where r is a substitution rate of 1.5 9 10 À8 (Koch et al., 2000) or 8.1 9 10 À9 (Lynch and Conery, 2000) substitutions per synonymous site per year. Duplication or syntenic blocks between and within chromosomes were depicted using a Circos map (Krzywinski et al., 2009) . Four dicotyledonous species, namely grape (Vitis vinifera), cassava (Manihot esculenta), poplar (Populus trichocarpa) and Arabidopsis (Arabidopsis thaliana), were compared with the WGS sequence of flax. Their predicted protein sequences and chromosome pseudomolecule information were downloaded from the Phytozome database (http://phytozome.org) (grape, Genoscope.12X; cassava, v.6.1; poplar, v.3.0; Arabidopsis, TAIR10). The same method was used to analyse the WGD of these species.
Data availability
The refined flax pseudomolecules (v.2.0) and related data have been updated and deposited in GenBank (NCBI) under GenomeProject ID no. 68161. The accession numbers are CP027619-CP027633 for the 15 chromosomes.
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